A total of 320 nursery pigs (DNA 200 × 400 barrows; initially 16.3 lb BW) were used in a 28-d trial to determine the effect of copper (Cu) and chlortetracycline (CTC), fed alone or in combination, on growth performance of weanling pigs. Pigs were weaned at approximately 21 d of age and fed a common pelleted starter diet (non-medicated) for 7 d after weaning. Pigs were allotted to dietary treatments based on BW and location in a randomized complete block design. Dietary treatments were arranged as a 2 × 2 factorial with main effects of added Cu (0 vs. 200 ppm Cu from copper sulfate) and CTC (0 vs. 440 ppm CTC). Experimental diets were corn-soybean meal-based and were fed in one phase for 28 d in meal form. There were 5 pigs per pen and 8 replications per treatment with each replication consisting of a pair of adjoining pens. The results showed no evidence for an interactive effect of Cu and CTC for any of the performance and economic variables (P > 0.05). From d 0 to 14, added Cu increased (P < 0.05) ADG and ADFI and added CTC improved (P < 0.05) ADG, ADFI, and F/G. From d 14 to 28, the addition of CTC to the diet improved (P < 0.05) ADG and ADFI, but there was no evidence for a Cu effect. For the overall experimental period (d 0 to 28), pigs fed diets with CTC had improved (P < 0.05) ADG, ADFI, and F/G, but there was no evidence for a Cu effect. The inclusion of either Cu or CTC increased (P < 0.05) BW on d 14 and 28. Regarding the economics, added dietary Cu increased (P < 0.05) feed cost per pig and value of gain per pig, but not income over feed cost (IOFC). The addition of CTC to the diet increased (P < 0.05) feed cost per pig, value of gain per pig, and IOFC. In conclusion, the findings of the present study characterize a beneficial effect of feeding Cu for 14 d on growth performance of young pigs (16 to 25 lb) and a positive effect of including CTC in nursery diets. The lack of interactive effects between Cu and CTC suggests that the responses of Cu and CTC on growth performance of nursery pigs are as efficacious when fed alone or in combination.
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Summary
A total of 320 nursery pigs (DNA 200 × 400 barrows; initially 16.3 lb BW) were used in a 28-d trial to determine the effect of copper (Cu) and chlortetracycline (CTC), fed alone or in combination, on growth performance of weanling pigs. Pigs were weaned at approximately 21 d of age and fed a common pelleted starter diet (non-medicated) for 7 d after weaning. Pigs were allotted to dietary treatments based on BW and location in a randomized complete block design. Dietary treatments were arranged as a 2 × 2 factorial with main effects of added Cu (0 vs. 200 ppm Cu from copper sulfate) and CTC (0 vs. 440 ppm CTC). Experimental diets were corn-soybean meal-based and were fed in one phase for 28 d in meal form. There were 5 pigs per pen and 8 replications per treatment with each replication consisting of a pair of adjoining pens. The results showed no evidence for an interactive effect of Cu and CTC for any of the performance and economic variables (P > 0.05). From d 0 to 14, added Cu increased (P < 0.05) ADG and ADFI and added CTC improved (P < 0.05) ADG, ADFI, and F/G. From d 14 to 28, the addition of CTC to the diet improved (P < 0.05) ADG and ADFI, but there was no evidence for a Cu effect. For the overall experimental period (d 0 to 28), pigs fed diets with CTC had improved (P < 0.05) ADG, ADFI, and F/G, but there was no evidence for a Cu effect. The inclusion of either Cu or CTC increased (P < 0.05) BW on d 14 and 28. Regarding the economics, added dietary Cu increased (P < 0.05) feed cost per pig and value of gain per pig, but not income over feed cost (IOFC). The addition of CTC to the diet increased (P < 0.05) feed cost per pig, value of gain per pig, and IOFC. In conclusion, the findings of the present study characterize a beneficial effect of feeding Cu for 14 d on growth performance of young pigs (16 to 25 lb) and a positive effect of including CTC in nursery diets. The lack of interactive effects between Cu and CTC suggests that the responses of Cu and CTC on growth performance of nursery pigs are as efficacious when fed alone or in combination.
Introduction
Copper (Cu) is supplemented in nursery diets at concentrations of 100 to 250 ppm for growth promotion. 4 The potential effect of Cu is suggested to be similar to that of antimicrobials regarding the regulation of microbial flora for nutrient utilization and suppression of pathogens.
5 However, the exact mode of action of Cu remains unclear. Studies performed in the 1980s have shown that supplementation of Cu is effective even in combination with feed-grade antimicrobials. 6, 7 This suggests that differences in the modes of action of Cu and antimicrobials might have led to additive effects on growth promotion. 6, 7 Recent studies on Cu supplementation have focused on different sources of Cu, 8, 9 the interactive effect of Cu and Zn, 7,10 and antimicrobial resistance.
11
However, studies on the supplementation of Cu in combination with feed-grade antimicrobials are scarce.
In view of the potential similarity of modes of action and the perspectives on limiting the use of feed-grade antimicrobials, it is of interest to compare the effects of Cu and antimicrobials and to determine whether there is an additive response on growth performance of nursery pigs. The main objective of this study was to determine the impact of Cu and CTC, fed alone or in combination, on prevalence and quantification of Cu resistance and antimicrobial resistance in fecal enterococci of weaned piglets. 11 This report describes the effect of treatments on growth performance, whereas the impact on Cu and antimicrobial resistance will be reported elsewhere. Therefore, the objective of this study was to characterize the effect of Cu and CTC, fed alone or in combination, on growth performance of weanling pigs.
Procedures
This trial was conducted in collaboration with the Department of Clinical Sciences and the Department of Diagnostic Medicine/Pathobiology, College of Veterinary Medicine, Kansas State University. The Kansas State University Institutional Care and Use Committee approved the protocol used in this experiment. The experiment was conducted at the Kansas State University Segregated Early Weaning Facility in Manhattan, KS. Each pen (4 × 4 ft) contained a four-hole dry self-feeder and one cup waterer to provide ad libitum access to feed and water. All diets were manufactured at the Kansas State University O.H. Kruse Feed Technology Innovation Center in Manhattan, KS.
A total of 320 nursery pigs (DNA 200 × 400, Columbus, NE; initially 16.3 lb BW) were used in a 28-d trial with 5 pigs per pen and 8 replicates per treatment. Each replicate consisted of a pair of adjoining pens of the same treatment and were separated from adjacent pens by a solid panel. Pigs were weaned at approximately 21 d of age and allotted to pens in a completely randomized design based on initial BW. Pigs were fed a common, non-medicated, pelleted starter diet for 7 d after weaning and then allotted to dietary treatments based on BW and location in a randomized complete block design.
The dietary treatments were arranged as a 2 × 2 factorial with main effects of Cu (0 vs. 200 ppm from Cu sulfate) and antibiotic (0 vs. 440 ppm CTC; Zoetis Services, LLC., Florham Park, NJ). The experimental diets were corn-soybean meal-based and were fed in meal form. The treatment ingredients (Cu and CTC) were included in the diet at the expense of corn (Table 1 ). The dietary treatments were fed in one phase for 28 d. On d 14, CTC was removed from the diets to comply with FDA guidelines and resumed feeding on d 15.
Pigs were weighed and feed disappearance was recorded on d 0, 7, 14, 21, and 28 to determine ADG, ADFI, and F/G. Diet samples were collected from each treatment and composite samples were submitted for analysis of DM, CP, Ca, P, and Cu (Cumberland Valley Analytical Services, Inc., Waynesboro, PA). In addition, diet samples were submitted for CTC quantification (Midwest Laboratories, Omaha, NE).
For the economic analysis, feed cost per pig, feed cost per lb of gain, value of gain per pig, and IOFC were calculated on a pig basis. The basal diet cost was $333.91/ton with corn valued at $3.30/bu ($118/ton), soybean meal at $290/ton, L-lysine at $0.75/lb, DL-methionine at $1.30/lb, L-threonine at $1.10/lb, and L-tryptophan at $4.75/lb. The price of Cu sulfate was $1.02/lb and CTC was $1.65/lb. Feed cost per pig was calculated by multiplying the feed cost per lb by ADFI and by the number of days on the diet. Feed cost per lb of gain was calculated by dividing the feed cost per pig by the overall weight gain. Value of gain was calculated by subtracting body weight on d 0 from body weight on d 28 and multiplying by an assumed live price of $0.42 per lb. The IOFC was calculated by subtracting the feed cost per pig from value of gain per pig.
Data were analyzed using a linear mixed model with treatment as fixed effect and block as random effect. The experimental unit was defined as the combination of two adjoining pens assigned to the same treatment within a location block. Preplanned contrast statements were built to evaluate the main effects and interactions of Cu and CTC. Statistical models were fitted using the GLIMMIX procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC). Results were considered significant at P ≤ 0.05 and marginally significant at 0.05 < P ≤ 0.10.
Results and Discussion
The analyzed DM, CP, Ca, P, Cu, and CTC contents of experimental diets (Table 2) were similar to formulated estimates.
There was no evidence for an interactive effect of Cu and CTC for any of the performance and economic variables throughout the trial (P > 0.10; Table 3 ). Therefore, the interaction was removed from the statistical model and the main effects of Cu and CTC on growth performance were analyzed (Table 4) . From d 0 to 14, the addition of Cu to the diet increased ADG (P = 0.025) and ADFI (P = 0.011), while the addition of CTC to the diet improved (P < 0.05) ADG, ADFI, and F/G. From d 14 to 28, the addition of CTC to the diet increased (P < 0.001) ADG and ADFI. There was no evidence for a Cu effect (P > 0.05) on ADG, ADFI, and F/G in this period.
For the overall experimental period (d 0 to 28), pigs fed diets with CTC had improved (P < 0.05) ADG, ADFI, and F/G. There was no evidence for a Cu effect (P > 0.10) on ADG, ADFI, and F/G in the overall period. The inclusion of either Cu or CTC increased (P < 0.05) BW on d 14 and 28.
For the economic analysis, the addition of Cu to the diet increased (P < 0.05) feed cost per pig and value of gain per pig, but there was no evidence for differences in IOFC. The inclusion of CTC to the diet increased (P < 0.001) feed cost per pig and value of gain per pig, and it also resulted in improved (P = 0.014) IOFC.
In conclusion, the findings of the present study characterize a beneficial effect of feeding Cu for 14 d on growth performance of young pigs (16 to 25 lb) and a positive effect of including CTC in nursery diets. The lack of interactive effects between Cu and CTC suggests that the responses of Cu and CTC on growth performance of nursery pigs are as efficacious when fed alone or in combination.
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